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Abstract: Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and amyo-
trophic lateral sclerosis are increasingly understood as disorders of disrupted neuroim-
mune crosstalk. This review synthesizes recent advances on the bidirectional interactions 
between CNS glia and peripheral immune cells, emphasizing how dysregulated path-
ways—including NF-κB, NLRP3 inflammasome, and JAK/STAT signaling—drive 
chronic inflammation, synaptic dysfunction, and neuronal loss. This study integrates dis-
ease-specific mechanisms, from TREM2/CD33 dysfunction in Alzheimer’s to α-
synuclein–TLR signaling in Parkinson’s and astrocyte–motor neuron toxicity in ALS. 
More so, this study highlights how targeting glial phenotypes, immune checkpoints, and 
the CNS–periphery axis—through CSF1R inhibitors, TREM2 agonists, astrocytic modu-
lators, and microbiota-based strategies—may redefine disease modification. By uniting 
molecular insights with emerging biomarker-guided interventions, this review under-
scores the translational potential of neuroimmune modulation in restoring CNS homeo-
stasis. 
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1. INTRODUCTION 
Neurodegenerative diseases are progressive disorders characterized by the selective loss of neurons and 

synaptic dysfunction in the central nervous system (CNS). These conditions represent a growing global 
health burden, with neurodegeneration-associated mortality and disability rates projected to rise due to 
aging populations (Feigin et al., 2020). Despite extensive research, effective disease-modifying therapies 
remain elusive, largely due to the complex etiology of neurodegeneration, which encompasses not only 
neuronal loss but also dysregulated immune responses within the CNS. 

Recent advances in neuroimmunology have shifted the paradigm from a neuron-centric view of neuro-
degeneration to one that recognizes the integral role of immune cells in both maintaining CNS homeosta-
sis and driving neuropathology (Prinz et al., 2021). Neuroimmune crosstalk describes the bidirectional, 
context-dependent communication between neurons and glial cells, as well as interactions between the 
CNS and peripheral immune signals. Microglia—the brain’s resident macrophages—respond to injury and 
disease by transitioning into reactive states, releasing cytokines such as TNF-α, IL-1β, and IL-6, which  
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influence neuronal survival and synaptic function (Colonna & Butovsky, 2017). Astrocytes, once consid-
ered passive support cells, now are understood to actively modulate synaptic transmission, blood-brain 
barrier (BBB) permeability, and neuroinflammatory responses (Sofroniew, 2020). 

Acute neuroinflammation, often seen after injury or infection, may initially serve protective roles by 
clearing debris and promoting tissue repair. However, chronic neuroinflammation—marked by sustained 
glial activation, persistent cytokine release, and failure to resolve the immune response—has been impli-
cated in neuronal degeneration and disease progression (Luz et al., 2024). In diseases like Alzheimer’s 
Disease (AD), Parkinson’s Disease (PD), and Amyotrophic Lateral Sclerosis (ALS), prolonged inflamma-
tory signaling not only exacerbates neuronal dysfunction but also alters glial cell phenotypes, creating a 
toxic milieu that perpetuates tissue damage. 

This review aims to dissect the molecular and cellular mechanisms by which neuroimmune crosstalk 
contributes to neurodegeneration by examining how glial activation, cytokine signaling, and immune 
dysregulation mediate neuronal injury; exploring molecular pathways such as NF-κB, NLRP3 inflam-
masome, and JAK/STAT that orchestrate neuroinflammatory responses; and evaluating emerging im-
munomodulatory strategies—ranging from microglial reprogramming to peripheral cytokine inhibition—
as potential therapeutic avenues to halt or reverse neurodegenerative processes. This review provides inte-
grative focus on linking disease-specific molecular mechanisms to convergent therapeutic strategies. By 
highlighting how diverse immune pathways intersect across Alzheimer’s, Parkinson’s, and ALS, it pro-
vides a unifying framework that underscores the translational potential of neuroimmune modulation for 
disease modification. 

2. NEUROIMMUNE CELLS AND THEIR PHYSIOLOGICAL ROLES 

2.1. Microglia in CNS Surveillance and Synaptic Pruning 
Microglia, the principal immune effector cells of the central nervous system (CNS), originate from yolk 

sac progenitors and colonize the brain early in embryogenesis (Bennett & Bennett, 2020). In the healthy 
adult brain, microglia continuously survey the microenvironment with highly motile processes, maintain-
ing tissue homeostasis by detecting perturbations in neuronal activity, synaptic integrity, and extracellular 
composition (Cole et al., 2020). This surveillance role is essential for synaptic pruning—a developmental 
process in which excess or weak synapses are eliminated to optimize neural circuitry. Microglia mediate 
this via complement receptor signaling, particularly through C1q and C3 tagging of synapses, which are 
then phagocytosed (Mendoza-Romero et al., 2025). Beyond development, microglia also contribute to 
adult synaptic plasticity and learning by modulating synapse turnover in response to activity patterns 
(Woodburn et al., 2025). 

Historically, microglial activation was described using a binary M1/M2 paradigm, wherein M1 referred 
to pro-inflammatory, neurotoxic phenotypes, and M2 described anti-inflammatory, reparative states. 
However, this dichotomy is now considered overly simplistic and inconsistent with transcriptomic and 
proteomic evidence from in vivo studies (Carvalho, 2021). Instead, microglial activation is now conceptu-
alized as a spectrum of context-dependent phenotypes shaped by local cues, developmental stage, and dis-
ease context. Disease-associated microglia (DAM) found in Alzheimer's disease exhibit a transcriptional 
profile distinct from classical M1/M2 polarization, including upregulation of Trem2, Apoe, and Tyrobp 
(Keren-Shaul et al., 2017). These cells may initially serve protective roles by clearing amyloid-beta (Aβ), 
but their sustained activation can contribute to chronic neuroinflammation and synaptic dysfunction. 

2.2. Astrocytes and Tripartite Synapse Regulation 
Astrocytes, the most abundant glial cells in the CNS, perform essential homeostatic and neuromodula-

tory functions that extend beyond passive support. One of their pivotal roles is in the regulation of the tri-
partite synapse, a conceptual model in which astrocytic processes closely ensheath pre- and postsynaptic 
terminals to modulate synaptic transmission and plasticity (Aleksejenko & Heller, 2021). Astrocytes ac-
tively sense synaptic activity via a repertoire of neurotransmitter receptors and transporters, and in turn, 
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release gliotransmitters such as glutamate, D-serine, and ATP, thereby influencing synaptic efficacy and 
neuronal excitability (Lim et al., 2021). 

At the molecular level, astrocytes are critical for neurotransmitter recycling—particularly glutamate. 
They express high-affinity excitatory amino acid transporters (EAAT1/GLAST and EAAT2/GLT-1), 
which rapidly clear extracellular glutamate, preventing excitotoxicity and preserving synaptic fidelity 
(Todd & Hardingham, 2020). Astrocytes also contribute to potassium ion (K⁷) buffering through inwardly 
rectifying potassium channels (Kir4.1), maintaining the ionic balance required for proper neuronal signal-
ing (Verkhratsky et al., 2023). Furthermore, they regulate cerebral blood flow and maintain the blood-
brain barrier (BBB) via endfeet processes that secrete vasoactive substances and modulate endothelial 
tight junction integrity (García-Salvador et al., 2020). 

Upon CNS injury or disease, astrocytes undergo a spectrum of morphological and molecular changes 
known as reactive astrogliosis. This process is regulated by pathways including STAT3, NF-κB, and JAK-
STAT, leading to upregulation of glial fibrillary acidic protein (GFAP), cellular hypertrophy, and altered 
gene expression profiles (Linnerbauer et al., 2020). While moderate astrogliosis can be neuroprotective—
limiting lesion spread, repairing the BBB, and promoting debris clearance—chronic or severe reactivity 
may exacerbate neuronal injury. For instance, reactive astrocytes may downregulate glutamate transport-
ers, contribute to inflammatory cytokine release, or form glial scars that hinder axonal regeneration 
(Matusova et al., 2023; Li et al., 2023). 

3. NEUROINFLAMMATION IN NEURODEGENERATIVE DISORDERS 
Neuroinflammation is a shared pathological hallmark across major neurodegenerative diseases, charac-

terized by the sustained activation of glial cells and dysregulation of cytokine signaling. In Alzheimer’s 
Disease (AD), microglia are among the earliest responders to amyloid-β (Aβ) deposition. Receptors such 
as TREM2 and CD33 critically shape microglial function: TREM2 facilitates Aβ clearance and supports 
neuroprotection, while CD33 inhibits phagocytosis and enhances inflammatory gene expression (Hou et 
al., 2022; Griciuc et al., 2020). Genetic variants in both receptors confer strong AD risk, underscoring 
their pathogenic relevance. Aβ also activates the NLRP3 inflammasome, amplifying IL-1β signaling, 
which disrupts synaptic plasticity and neurotransmission (Zhang et al., 2020). 

In PD, misfolded α-synuclein acts as a damage-associated molecular pattern (DAMP) that engages 
TLR2/4 on microglia, triggering NF-κB–mediated inflammatory responses and dopaminergic neuron inju-
ry (Xia et al., 2021; Leńska-Mieciek et al., 2023). Astrocytes exposed to α-synuclein aggregates adopt a 
neurotoxic A1 phenotype, amplifying neuronal stress (Yun et al., 2018). Peripheral immune signals rein-
force central inflammation: circulating TNF-α, IL-1β, and IL-6 correlate with disease severity and cross 
the blood–brain barrier to activate glia (Zimmermann & Brockmann, 2022). Infiltrating T cells further 
contribute to neurodegeneration through cytotoxicity and cytokine release (Cebrián et al., 2014). Genetic 
risk factors (e.g., LRRK2 mutations) and gut microbiota dysbiosis link systemic immune changes with 
central pathology (Cookson, 2017; Yang et al., 2019). 

ALS pathology involves motor neuron loss compounded by glial and peripheral immune dysregulation. 
Mutant SOD1 aggregates activate microglia through pattern-recognition receptors, inducing a neurotoxic 
phenotype characterized by iNOS and proinflammatory cytokine release (Ramírez et al., 2022). Astro-
cytes also acquire toxic gain-of-function properties, releasing prostaglandin D2, oxidative metabolites, and 
cytokines that selectively impair motor neurons via non-cell-autonomous mechanisms (Gomes et al., 
2022). Elevated peripheral cytokines (e.g., IL-6, TNF-α) correlate with disease progression (Hu et al., 
2017), while T cell infiltration shapes outcomes—Tregs are protective, whereas cytotoxic T cells exacer-
bate degeneration (Beers et al., 2011). Additional vulnerability arises from oligodendrocyte dysfunction, 
which limits metabolic support to motor neurons (Philips & Rothstein, 2014). 

4. MOLECULAR SIGNALING PATHWAYS IN NEUROIMMUNE ACTIVATION 
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway is a cen-

tral mediator of inflammation in the central nervous system (CNS). It operates through two principal arms: 
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the canonical (classical) and non-canonical pathways. The canonical pathway, typically triggered by pat-
tern recognition receptors such as toll-like receptors (TLRs), leads to the degradation of IκB and nuclear 
translocation of the p65/p50 dimer, activating transcription of genes encoding pro-inflammatory cytokines 
(e.g., TNF-α, IL-6), chemokines, and adhesion molecules (Liu et al., 2017). In contrast, the non-canonical 
pathway involves NF-κB–inducing kinase (NIK) and p52/RelB complexes and is associated with more 
sustained inflammatory responses. In glial cells, persistent NF-κB activation shifts microglia and astro-
cytes toward neurotoxic phenotypes, contributing to synaptic dysfunction, neuronal apoptosis, and blood–
brain barrier breakdown (Li et al., 2020). Thus, NF-κB serves as both a sensor and amplifier of neuroin-
flammation. 

The NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome is a multi-protein 
complex that assembles in response to danger signals such as amyloid-β, α-synuclein, or reactive oxygen 
species. In microglia, activation of NLRP3 leads to oligomerization with ASC and pro-caspase-1, result-
ing in caspase-1 activation and maturation of interleukin-1β (IL-1β) and interleukin-18 (IL-18) (Heneka et 
al., 2018). Chronic activation of the NLRP3 inflammasome contributes to sustained neuroinflammation in 
Alzheimer’s and Parkinson’s diseases by perpetuating cytokine release and glial priming. Inhibiting 
NLRP3—pharmacologically (e.g., MCC950) or genetically—has shown promise in reducing pathology 
and cognitive decline in preclinical AD models (Stancu et al., 2022). This makes the inflammasome a 
compelling therapeutic target. 

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway transmits sig-
nals from cytokine receptors (e.g., IL-6R, IFNGR) to the nucleus, resulting in transcription of inflammato-
ry mediators and immune regulatory genes. In glial cells, STAT3 activation enhances astrocytic reactivity 
and scar formation, while also contributing to both protective and deleterious outcomes depending on con-
text (Ben Haim et al., 2015). Similarly, the mitogen-activated protein kinase (MAPK) pathways—
including p38, JNK, and ERK—regulate cellular responses to stress and cytokines. Activation of p38 
MAPK in microglia promotes the release of TNF-α and IL-1β, while ERK signaling is associated with mi-
croglial proliferation and migration (Lin et al., 2022). Cross-talk between JAK/STAT and MAPK path-
ways fine-tunes glial activation states and the balance between neuroprotection and neurotoxicity. 

5.1. Microglia Modulation Strategies 
Microglial plasticity renders them attractive targets for therapeutic intervention. Inhibitors of colony-

stimulating factor 1 receptor (CSF1R), such as PLX5622, selectively deplete microglia or modulate their 
activation states without affecting other CNS cells (Barca et al., 2021). While microglial depletion shows 
neuroprotective effects in certain models, chronic suppression may impair synaptic maintenance and im-
mune surveillance, necessitating a nuanced approach. 

An alternative strategy involves enhancing microglial reparative functions via TREM2 (triggering re-
ceptor expressed on myeloid cells 2) activation. TREM2 agonist antibodies have shown promise in pro-
moting phagocytic clearance of amyloid plaques and limiting inflammation in Alzheimer’s disease models 
(Wang et al., 2020). 

5. THERAPEUTIC TARGETING OF NEUROIMMUNE PATHWAYS 

5.2. Astrocyte-Specific Therapies 
Therapeutics targeting astrocytes aim to restore their homeostatic functions while preventing toxic re-

activity. The A1/A2 paradigm, though oversimplified, serves as a framework to differentiate neurotoxic 
versus neuroprotective astrocyte responses (Liddelow et al., 2017). Efforts to inhibit the transformation to 
A1 phenotypes using cytokine blockers (e.g., IL-1α, TNF-α neutralization) or by modulating NF-
κB/STAT3 signaling show potential. Gene therapy approaches, such as CRISPR-Cas9-mediated correc-
tion of astrocyte dysfunction or delivery of anti-inflammatory microRNAs, are also under investigation to 
reprogram astrocyte phenotypes toward support of neuronal survival Fig. (1). 
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Figure 1. Schematic overview of the NF-κB, NLRP3, and JAK/STAT–MAPK pathways, illustrating how patho-
genic stimuli (Aβ, α-synuclein, ROS) activate glial signaling, leading to cytokine release and divergent neuroprotec-
tive versus neurotoxic outcomes. 

5.3. Peripheral Immunomodulation 
Given the permeability of the blood–brain barrier (BBB) in neurodegeneration, peripheral immune 

cells and cytokines contribute significantly to CNS inflammation. Anti-cytokine therapies, such as IL-1β 
inhibitors (e.g., canakinumab) and TNF-α blockers (e.g., etanercept), have shown mixed results in neuro-
degenerative conditions but remain a focus in trials for Alzheimer’s and Parkinson’s diseases (Decourt et 
al., 2017). BBB-protective agents—such as sphingosine-1-phosphate receptor modulators (e.g., fin-
golimod)—reduce lymphocyte trafficking and microglial activation, offering a means to mitigate immune 
infiltration and chronic inflammation. 

5.4. Regenerative Interventions and Neuroimmune Support 
Mesenchymal stem cells (MSCs) and their secreted exosomes have demonstrated capacity to modulate 

microglial and astrocytic activation, reduce cytokine production, and enhance neurotrophic support (Shah 
et al., 2024). Their anti-inflammatory and regenerative potential makes them a strong candidate for future 
neuroimmune therapies. Lifestyle interventions also influence neuroinflammation. Dietary polyphenols, 
gut microbiota modulation, and aerobic exercise have been shown to suppress microglial activation and 
improve cognitive function via systemic immune changes and CNS signaling pathways (Cryan et al., 
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2019). These approaches underscore the role of systemic health in modulating neuroimmune balance (Ta-
ble 1). 
Table 1. Therapeutic strategies targeting neuroimmune interactions in neurodegenerative diseases. 

Strategy Approach Examples/Agents Therapeutic Potential Limitations/Challenges 

Microglia modulation Depletion or repro-
gramming of microglia 

CSF1R inhibitors 
(PLX5622) (Barca et al., 
2021); TREM2 agonist 
antibodies (Wang et al., 

2020) 

Reduces neurotoxic micro-
glial activation; enhances 
phagocytosis and amyloid 

clearance 

Chronic depletion may 
impair synaptic mainte-

nance and immune surveil-
lance 

Astrocyte-specific therapies 
Block toxic A1 con-

version; enhance pro-
tective functions 

Cytokine blockers (IL-1α, 
TNF-α neutralization); NF-
κB/STAT3 modulation; 
gene therapy (CRISPR, 
anti-inflammatory miR-
NAs) (Liddelow et al., 

2017) 

Restores astrocytic support 
of neurons; reduces toxic 

reactivity 

Complexity of A1/A2 phe-
notypes; delivery challeng-

es for gene therapy 

Peripheral immunomodulation 
Target peripheral cyto-

kines and BBB dys-
function 

IL-1β inhibitors (cana-
kinumab), TNF-α blockers 
(etanercept) (Decourt et al., 

2017); S1P modulators 
(fingolimod) 

Reduces peripheral inflam-
mation and immune infiltra-
tion; protects BBB integrity 

Mixed efficacy in clinical 
trials; systemic immuno-

suppression risks 

Regenerative & supportive 
interventions 

Stem cell therapy; 
lifestyle modification 

MSCs and exosomes (Shah 
et al., 2024); dietary poly-
phenols, microbiota modu-

lation, aerobic exercise 
(Cryan et al., 2019) 

Anti-inflammatory and neu-
rotrophic effects; promotes 

repair and resilience 

Variable efficacy; transla-
tional and standardization 

challenges 

FUTURE DIRECTIONS AND CONCLUSION 
The evolving understanding of neuroimmune crosstalk has fundamentally reshaped the conceptualiza-

tion of neurodegenerative diseases, placing glial cells and immune signaling at the core of both pathogenic 
mechanisms and therapeutic strategies. Future research is increasingly directed toward high-resolution ap-
proaches such as single-cell and spatial transcriptomics, which are uncovering the molecular heterogeneity 
and dynamic states of microglia and astrocytes in diseased brains. This cellular diversity underscores the 
need for precision immunotherapies tailored to disease stage, region-specific pathologies, and individual 
immune signatures. Notably, strategies targeting CSF1R or activating TREM2 are emerging as promising 
methods to reprogram dysfunctional microglia. Additionally, peripheral immune influences, especially 
those arising from gut microbiota and systemic inflammation, are gaining attention as modulators of CNS 
immunity, with dietary interventions and microbiota-derived metabolites offering novel therapeutic lever-
age points. In parallel, efforts are underway to develop robust biomarkers—such as PET imaging of TSPO 
or fluid measures like soluble TREM2 and GFAP—to enable early diagnosis and monitor treatment effi-
cacy. Stem cell-based therapies and engineered exosomes are also at the forefront of regenerative neuro-
immunology, offering targeted delivery of trophic and anti-inflammatory factors across the blood–brain 
barrier.  

In conclusion, neurodegenerative diseases such as Alzheimer's, Parkinson’s, and ALS should be 
viewed not solely as neuronal disorders but as complex syndromes of dysfunctional neuroimmune com-
munication. Targeting glial activation states, inflammatory signaling cascades, and the CNS–periphery 
immune axis represents a multifaceted therapeutic frontier. Moving forward, interdisciplinary approaches 
integrating molecular neuroscience, systems immunology, and translational medicine are essential to real-
ize the potential of neuroimmune modulation for neuroprotection, repair, and functional recovery. 
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